Abstract Polymerase chain reaction (PCR) of the antigen receptor genes has clinical utility in establishing clonality in lymphoproliferations, which is an important correlate of lymphoid neoplasia. The most frequently used procedures for this purpose were developed by the BIOMED-2 consortium. One of the criteria for establishing monoclonality using PCR of the antigen receptor genes is the finding of an abundant amplicon within a size range determined by the positions of the PCR primers and the known variability in size inherent in the recombination events that assemble a functional antigen receptor gene. However, several cases have been reported in which an amplicon outside this size range has been shown to be a valid indicator of clonality after DNA sequence analysis. In this paper, we will report and discuss several additional cases in which an amplicon outside the accepted size range was consistent with a monoclonal lymphoproliferation. We conclude that oversized and undersized amplicons may indeed represent evidence for a monoclonal lymphoproliferation, but that this interpretation should preferably be confirmed by sequence analysis to avoid a false-positive result.
Introduction
Rearrangement of the immunoglobulin (IG) and T-cell receptor (TCR) genes, as detected using the polymerase chain reaction (PCR), has proven to be a useful marker of clonality to aid in the diagnosis of lymphoid malignancies. When the antigen receptor genes are in a germline configuration, the variable (V) and joining (J) genes are too far apart to form a PCR product (amplicon) under the conditions of the assay. However, after normal V(D)J gene rearrangement, they are much closer and a DNA fragment is amplified. Due to the size and sequence variability of the amplicons from a polyclonal lymphoproliferation, they can be distinguished from the uniform size and sequence of the amplicon(s) derived from a monoclonal proliferation. The size of the amplicon produced by PCR of the antigen receptor genes is variable for each set of primers because of variations in trimming and N-addition during the process of V(D)J recombination [1, 2] .
The BIOMED-2 program has contributed toward the optimization and standardization of this methodology, particularly in the area of primer design [3] . Many laboratories routinely use the BIOMED-2 primer sets to confirm monoclonality in suspected lymphoproliferations [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . One of the considerations for establishing a monoclonal result is for the size of the amplicon to be within acceptable limits based on the positions of the primers and known patterns of trimming and N-addition during V(D)J recombination. The purpose of this size limit is to avoid false-positives due to amplification of an unrelated sequence that does not reflect clonality. In previous work, we and others have shown that an amplicon from IGH PCR that was smaller than the acceptable limits was the product of a normal recombination event followed by a deletion, but still supported a finding of clonality [16, 17] . In this paper, we show several additional cases in which amplicons outside of the expected size range (both larger and smaller) from the IG and TCR genes support a finding of clonality.
Materials and methods

DNA isolation
DNA was isolated from formalin-fixed paraffin-embedded (FFPE) tissues, blood, or bone marrow using the QIAamp system (Qiagen Inc., Valencia, CA, USA) or the GenElute system (Sigma Genosys. Haverhill, UK). The concentration of DNA was estimated by specrophotometry using the Nanodrop ND-1000 spectrophotometer (Wilmington, DE, USA).
Clonality analysis
The quality of DNA extracted from FFPE tissues was assessed using the BIOMED-2 specimen control reaction [3] . Clonality analysis was carried out using the BIOMED-2 PCR mastermixes purchased from Invivoscribe Inc. (San Diego, CA, USA). After PCR, the products were heteroduplex-treated (denaturation at 95°C for 5 min followed by rapid renaturation at 4°C for 1-2 h), and then resolved by polyacrylamide gel electrophoresis (PAGE), or subjected to Gene Scanning as previously described [3, 10] .
Sequence analysis
When gel purification was needed, the PCR products were extracted from the polyacrylamide gels using the QIAquick Gel Extraction Kit (Qiagen, West Sussex, UK). When gel purification was not used, the PCR products were treated using ExoSap (Amersham Biosciences, Pittsburgh, PA, USA). Sequencing reactions were done using the PCR primers as sequencing primers, and the dye-labeled products were separated on the ABI 377 or ABI 3100 Prism DNA sequencer (Applied Biosystems, Inc. Foster City, CA, USA). The sequences were aligned to the germline sequences and studied with the use of the IMGT (http://www.imgt. org/) and GenBank databases (http://www.ncbi.nlm.nih.gov/ igblast/showGermline.cgi). The complete sequences for cases 1-4 and case 6 are available from GenBank, accession numbers JN662464, JN678807, JN678808, JN678809, and JQ267758, respectively.
Results
Case 1: Oversized PCR product from a rearranged IGH gene A FFPE biopsy from the left para-orbital region of the brain was received for pathological evaluation. The sections showed considerable crush artifact, but revealed a lymphoplasmacytic and monocyte/histiocytic infiltrate without an overtly malignant population (Fig. 1a) . This impression in the setting of poorly preserved morphology prompted the decision to submit tissue for PCR-based clonality assays, in addition to immunohistochemical studies. Deeper levels showed discohesive cells with large nuclei and prominent nucleoli. Membranous CD20 and CD79a (Fig. 1b) staining was prominent. Scattered small mature appearing lymphocytes expressed CD3 (Fig. 1c) . Immunohistochemical stains for light chains suggested a predominance of kappa expression in the large cells but nonspecific staining was high; plasma cells showed mixed expression of kappa and lambda light chains. Only a fraction of the cellularity appeared to be monocyte/macrophages based on CD68 expression (Fig. 1d) . Alk-1, S100, CD1a, CD56, GFAP, synaptophysin, Neu-N, EMA, and CAM 5.2 were negative. The lesional cells showed brisk Ki-67 labeling and occasional nuclear p53 immunoreactivity. No fungi or encysted forms were found; GMS and AFB were negative. DNA purified from the specimen was studied for evidence of clonality using PCR to detect rearrangement of the IGH gene. A finding of a monoclonal B-lymphocyte proliferation would support a diagnosis of lymphoma. A homoduplex of approximately 500 bp was obtained from the V H FR3 and J H primers (BIOMED-2 IGH tube C), which is much larger than the usually acceptable size limits of 100-170 bps for this primer set (Fig. 2a) . PCR using the BIOMED-2 V H FR2/J H primer set (tube B) did not give interpretable results (data not shown). We sequenced the amplicon from the FR3/J H PCR using the downstream consensus J H primer as the sequencing primer. The sequence was completed using an internal sequencing primer determined using the results from the first round of sequencing. The sequence is described with the diagram in Fig. 2b . The sequence was consistent with a 549-bp amplicon that used a V H 4 gene, D H 3-9 gene, and J H 4 gene. However, there were three mismatches between the BIOMED-2 J H primer and the primer target in the J H 4 gene, including a mismatch at the 3′-terminal base (Fig. 2b, lower panel) . This sequence was followed by the intergenic sequence between J H 4 and J H 5. Thus, the sequence revealed that the reason for the enlarged amplicon is that the J H PCR primer did not prime on the J H 4 gene that was used for recombination, due to the mismatches shown in Fig. 2b , but rather on the downstream J H 5 gene. The sequence of the region between the primer binding sites in J H 4 and J H 5 in the amplicon from the FR3/ J H PCR and the nearest match from a BLAST search [18] was approximately 83% (63 mismatches out of 379 nucleotides), which is consistent with extensive somatic hypermutation. Thus, the sequence divergence between the amplicon and the J H primer is most likely due to somatic hypermutation rather than a preexisting polymorphism, although the latter cannot be ruled out. One of the divergent nucleotides between the J H primer and the amplicon, the antepenultimate 5′ T in the primer, was part of the original design of the consensus J H primer [3] . The results of the IGH PCR were consistent with a population of monoclonal B-lymphocytes that had experienced somatic hypermutation. The molecular evidence together with the morphological and immunophenotypic evaluation supported a diagnosis of B-cell lymphoma, large cell type.
Case 2: Undersized PCR products from a rearranged IGH gene A cervical lymph node biopsy from a 60-year-old male was submitted to the hematopathology service for a second opinion. The lymph node showed a preserved architecture and reactive features, but there were several large follicles with markedly expanded germinal centers. The large follicles had attenuated mantle zones, and the germinal centers contained a uniform population of small centroblastic cells with slightly irregular nuclei and lacked polarity. The centroblasts were CD20+, CD10+, BCL6+, IgM+, IgD+ (weak), BCL2−, and showed high nuclear staining with MIB-1. CD21 staining showed an attenuated follicular dendritic cell meshwork underlying these germinal centers. The morphological and immunohistochemical findings were suspicious for partial involvement of the lymph node by follicular lymphoma. Consequently, molecular evidence of clonality was sought to assist the diagnosis.
DNA was extracted from the FFPE lymph node specimen and its quality was adequate for clonality analysis as the 400-bp control gene PCR product was successfully amplified. PCR for V κ -J κ and V κ -K de rearrangements both showed a clonal band pattern with a polyclonal background (data not shown). PCR for V H FR1-J H and V H FR2-J H both also showed a distinct homoduplex band with a polyclonal background. However, the band size was~50 bp below the lower end of the expected size range for each respective PCR (Fig. 3 , top panels). PCR for V H FR3-J H , D H -J H , and V λ -J λ showed polyclonal results. Sequencing of the V H FR2-J H PCR product showed a 197-bp nucleotide sequence that aligned to the germline V H 4-59*02, D H 3-10*01, and J H 4*03 genes, but also had an 81-bp deletion within the V gene from CDR2 through the 5′-part of FR3 (Fig. 3, bottom panel) . The undersized PCR product was therefore amplified from a rearranged IGH gene. As the deletion occurred downstream of the V H FR1 and FR2 primer binding sites, both V H FR1-J H and V H FR2-J H PCR products were undersized by the same length. The rearranged gene lacked an open reading frame and harbored 12 somatic point mutations including three mutations at the V H FR3 primer binding site, which was likely the cause for failure of V H FR3-J H PCR.
The results of V H -J H PCR were consistent with those of V κ -J κ and V κ -K de PCR, suggesting that a clonal B-cell population was present within a reactive background in the specimen. The molecular evidence for clonality, together with the atypical morphological and immunophenotypic features described above, supported a diagnosis of partial involvement by follicular lymphoma, WHO grade 3b.
Case 3: Oversized PCR products from a rearranged IGK gene A 22-year-old male with a 4-year history of renal transplantation for reflux nephropathy, presented with abdominal pain and diarrhea. Radiological examination showed a mass in the cecum and a biopsy was taken. The cecal biopsy consisted of small fragments of ulcerated granulation tissue showing an inflammatory background and areas with predominantly large pleomorphic lymphoid cells. Immunohistochemistry showed the large cells to be CD20+ and CD3−. Immunostaining for Epstein-Barr virus (EBV) and cytomegalovirus (CMV) was negative. Special stains including PASD, Grocott, Giemsa, ZN, and Gram stains showed no apparent etiological organisms. The morphological and limited immunohistochemical analysis suggested an abnormal B-cell population, most consistent with post-transplant lymphoproliferative disorder (PTLD). However, the biopsy was small and extensively necrotic which limited the ability to obtain a definitive diagnosis. The remaining FFPE tissue was submitted for clonality analysis of the B-cell population.
The quality of the DNA extracted from the FFPE cecal mass was adequate for clonality analysis as the 400-bp control gene PCR product was successfully amplified. PCR evaluation of B-cell clonality revealed a weak polyclonal result for all BIOMED-2 tubes except for the finding of two distinct oversized bands from the tube for V κ -J κ rearrangements (Fig. 4, top panel) . Sequencing confirmed the larger band to be a heteroduplex and the smaller band to be a 414-bp homoduplex consisting of V κ 2-30 (192 bp) followed by the 3′-UTR of J κ 4 through J κ 5 (222 bp) (Fig. 4 , bottom panel). The sequence data are consistent with a VJ rearrangement followed by a deletion of unknown size that occurred at the junction of the two genes. To examine whether the deletion was a germline event, a bone marrow specimen from the same patient, which showed no histological evidence of lymphoid infiltration, was studied for V κ -J κ rearrangements and the same oversized PCR product was not detectable (data not shown). This result suggests that the deletion was somatic. In addition, there were nine acquired point mutations observed in the remaining V κ gene sequence and no recombination signal sequence motifs were identified at or near the joining region of the germline gene segments involved. These findings suggest that the deletion was unlikely to have been introduced during the V κ -J κ recombination process, but occurred most likely after the rearrangement of V κ 2-30 with a J κ gene upstream of J κ 5 when the cell was accumulating somatic mutations [19] .
Overall, the oversized V κ -J κ PCR products appeared to be amplified from a defective, rearranged IGK gene, thus supporting the morphological and immunohistochemical findings that a clonal B-cell population was present in the biopsy. Two weeks later, a repeat cecal biopsy was taken. The above clonality result was reproduced from the new sample and the histological and immunohistochemical study confirmed the lesion to be a monomorphic EBV-negative B-cell PTLD.
Cases 4-7: Oversized PCR products from rearranged TCRB genes Peripheral blood and bone marrow aspirate samples from a 40-year-old male were referred for consultation. The patient presented with lymphocytosis (lymphocyte count 77.1×10 9 / L) and generalized lymphadenopathy. Blood film showed pleomorphic small, medium, and large lymphocytes with In addition to the detection of a clonal band from TCRB tube B, an oversized band was amplified from TCRB tube A (Fig. 5, top panel) . Sequencing revealed that the oversized PCR band was a 461-bp amplicon that consisted of the rearranged V β 6.6, D β 2.1, and J β 2.1 genes, and was amplified using the primer specific for J β 2.2, which is located 192 bp downstream of J β 2.1 (Fig. 5, bottom panel) . This oversized amplicon was generated by TCRB tube A because this tube does not contain the PCR primer for the rearranged not shown for clarity, with the missing parts indicated by double slashes (//). Sequencing confirmed that the oversized band is a 461-bp amplicon of the rearranged V β 6.6, D β 2.1, and J β 2.1 genes and was amplified using the primer specific for J β 2.2, which is located 192 bp downstream of J β 2.1. This product was amplified by TCRB tube A because the PCR primer for the upstream rearranged J β 2-1 gene was not included in this tube but was present in TCRB tube B. Sequencing of the clonal band detected by TCRB tube B confirmed that it was amplified from the same rearranged gene that was amplified in tube A population that was noted in the blood, blood and bone marrow were sent in for more detailed analysis. Flow cytometric immunophenotyping revealed an aberrant T-cell popu l a t i o n (~3 0 % o f l e u k o c y t e s ) . B a s e d o n t h e immunophenotype (CD3+, CD4+, CD8−, CD2+, partly CD5+, CD7+, CD16−, CD56−,CD57−, CD27+, CD45RA +, CyTCL1+, TCRαβ+, TCRVβ−), a T-cell leukemia was suspected, possibly of T-PLL type. Clonality analysis revealed clonal TCRB and TCRG products, supporting the immunophenotypic suspicion of a mature T-cell malignancy. Notably, upon TCRB analysis, an oversized 377 bp product was identified in tube A (Fig. 6a) . Given the small intergenic distances in the TCRB J regions, a logical explanation for such a large amplicon would be extended amplification of a true rearrangement from a downstream J gene. Indeed, a clonal 259-bp product was seen in tube B (Fig. 6a) . The size difference of~120 bp suggests that the rearrangement that is seen in tube B concerns a Vβ-Jβ2.5 rearrangement that is amplified by a primer specific for the downstream Jβ2.6 gene, which is present in tube A. Likewise, the 300-bp Dβ-Jβ rearrangement was also amplified as an extended product of 417 bp, most likely reflecting a Dβ-Jβ2.4 amplicon that was additionally amplified from the downstream Jβ2.5 gene (Fig. 6a) .
Case 6 was a 40-year-old male who was referred because of a suspicious T-cell population in the blood in the context of skin lesions that were present for several months. More detailed immunophenotyping of the blood was performed, showing an aberrant T-cell population (CD3+, CD4−, CD8 +, CD2+, CD5−, CD7+, CD27−, CD45RO+, TCRαβ+, TCRVβ−) with a relative size of 33% of the leukocytes. Upon molecular analysis, clonal TCRB and TCRG products were seen. TCRB multiplex tube A showed a clonal 270-bp product, whereas in tube B, a polyclonal pattern was observed in addition to an oversized 562-bp product (Fig. 6b) . This combination of products is compatible with a correctly sized Vβ-Jβ2.2 product (tube A) that was amplified with a specific primer for the downstream Jβ2.3 gene giving rise to an oversized PCR product (tube B). This was confirmed by sequence analysis (data not shown), revealing that the oversized band consisted of rearranged V β 4-2, D β 2, and J β 2.2 genes, and was amplified using the primer specific for J β 2.3, which is located 285 bp downstream of J β 2.2. Case 7 was a 45-year-old woman with a T-NHL. Bone marrow was sent in for staging. Upon flow cytometric analysis, a small T-cell population (3% of leukocytes) was noted with an aberrant phenotype: CD3dim, CD4+,CD8−, CD2+, CD5++, CD7−, CD25+, CD27+, CD45RO+, TCRαβ+, Vβ2+. Molecular clonality testing confirmed the clonal character of the aberrant T-cell population in the bone marrow. In TCRB tube B, a polyclonal profile was found in combination with a clonal peak of 272 bp (Fig. 6c) . The oversized 389-bp product in tube A that was seen next to a polyclonal profile is compatible with amplification of the tube B Vβ-Jβ rearrangement from a downstream Jβ gene (Fig. 6c) . Based on the size difference between the two products and the division of the Jβ2 primers over tubes A and B, these results were interpreted as a Vβ-Jβ2.5 rearrangement that is amplified with a Jβ2.5 primer (tube B) and with a Jβ2.6 primer (tube A).
Discussion
The finding of too large or small amplicons after evaluation of clonality of a lymphoproliferation using PCR of the antigen receptor genes is an uncommon, but not rare event. When a DNA fragment is outside the acceptable size range, it is not usually considered to be evidence for clonality. In the cases shown here, and in several previously published cases, a DNA fragment far outside this size range has been shown to provide good evidence for monoclonality, but only after nucleotide sequence analysis. In the cases shown here, analysis of the nucleotide sequence revealed features consistent with an IGH, IGK, or TCRB gene rearrangement. In particular, the sequences contained evidence for the presence of a V gene joined to a J gene. In addition, the sequences give clues to why the size of the amplicon was out of range.
There are several reasons why an amplicon representing a genuine gene rearrangement would fall outside the expected size range. The expected size ranges defined in the BIOMED-2 protocols encompass approximately 95% of the center of the Gaussian distribution of amplicon sizes [20] . Thus, approximately 5% of the rearrangements will be a bit larger or smaller than the expected size range. These amplicons are acceptable proof of clonality. It is not necessary in a heteroduplex analysis on a polyacrylamide gel to precisely define the acceptable size range. Similarly, when the separation is done by capillary electrophoresis, an amplicon that is only out of range by up to 10 bp should still be considered an adequate evidence for clonality.
Amplicons that are vastly different in size are more problematic as several such DNA fragments have been seen that are not consistent with a clonal lymphoproliferation [3] . These may be due to amplification products that are generated by nonspecific annealing of primers to sequences that are not the intended target in the antigen receptor genes, or amplification of a germline fragment in an antigen receptor gene. An example of the latter is the 211-bp amplicon generated from D H 7-27/J H by IGH tube E PCR as reported by van Dongen et al. [3] . Most of the time, these nonspecific PCR products will not pose an interpretive problem as the signal will also be noted in a normal or non-germline control. Such nonspecific bands are summarized in Table 25 of van Dongen et al. [3] . It is possible that novel nonspecific amplicons might be found after antigen receptor PCR due to sequence variants in the germline, but this event has not been reported to our knowledge. Thus, when an aberrantly sized amplicon is encountered that is not seen in the normal control, it may represent a clonal rearrangement as described in several cases in this article and elsewhere, or it may be an artifact that does not indicate clonality [3, 16, 21] .
Amplicons that are out of range by more than approximately 10 bp, as in the cases reported here, require additional explanation before they can be interpreted as molecular evidence of clonality. Amplicons that are smaller than the expected size range may be due to a deletion of DNA as in case 2 and reported previously for the IGH gene [16, 17] . Larger than expected amplicons are more common and may be due to somatic mutation, germline polymorphisms, or deletion of a J gene with successful priming on the next downstream J gene. This type of event was seen for the IGH and IGK genes in cases 1 and 3, respectively. In case 1, the J H gene primer differed from the rearranged J H 4 gene by three nucleotides, two of which were likely due to somatic hypermutation, allowing a product derived from priming on the downstream J H 5 gene. In case 3, the downstream J κ primer hybridized to J κ 5 to generate the amplicon, but the presence of sequence from the J κ 4-J κ 5 intergenic region suggests that an upstream J κ gene was actually used in the rearrangement and then deleted. Similar events are possible for the V genes if the next upstream V gene is close enough to generate an amplicon. Deletions and insertions in rearranged IG genes are quite common in normal germinal center and post-germinal center B-cells and the malignancies derived from these cells [19, [22] [23] [24] [25] . They appear to be a consequence of the process of somatic hypermutation [19] .
Downstream priming is especially feasible in the IGH, IGK, and TCRB loci, in which the intergenic distances in the J regions are rather small (Fig. 7) . Intergenic distances in the TCRG locus are too large for efficient amplification from downstream J genes.
A larger amplicon from the TCRB gene is seen in cases 4-7. However, unlike the IG gene cases in the previous paragraph, the cause of these oversized amplicons is due to the strategy worked out by the BIOMED-2 consortium and not to a genetic alteration at the locus (Figs. 5, 6, and 7) . The BIOMED-2 PCR assay for Vβ-Jβ rearrangements was designed to divide seven Jβ2 primers into two PCR tubes, both of which contain the same set of Vβ primers. Therefore, the same clonal Vβ-Jβ2 rearrangement can be amplified in both tubes, with one tube giving rise to a product of correct size and the other tube generating an oversized product using the primer specific to the Jβ segment immediately downstream to the rearranged Jβ gene [3, 21] . In addition, the small intergenic distances in both the Jβ1 and Jβ2 regions make the amplification of two differently sized PCR products from one TCRB tube possible because of efficient primer annealing to both the rearranged and the next downstream Jβ gene. For two cases presented here (cases 4 and 6), and a case previously published [21] , sequence analysis of the oversized amplicons confirmed that they were due to this aspect of assay design.
Is it always necessary to sequence an over or undersized amplicon from PCR of the antigen receptor genes? Considering that the BIOMED-2 protocol consists of PCRs for several targets for each lineage, and the use of multiple targets is recommended for routine clonality analysis, if another tube for the same target gene or another antigen receptor target gene gives a convincing monoclonal result within the expected size range, then sequence analysis of the aberrantly sized amplicon is not strictly necessary. For example, if IGH PCR gives an undersized amplicon, but IGK PCR gives an abundant amplicon in the proper size range as shown in case 2, then the results are consistent with a monoclonal lymphoproliferation, and sequencing of the undersized amplicon is not needed to prove this point. Similarly for the TCRB gene, if PCR with tube A produces a single strong band in the proper size range, then a finding of an oversized amplicon in tube B (as seen in case 6) does not provide evidence contrary to a conclusion of a monoclonal lymphoproliferation, and sequencing of the oversized amplicon is not necessary.
Sequence analysis of the amplicon from antigen receptor gene PCR is not difficult. If the product is only a single amplicon with little or no polyclonal signal, the PCR product can be sequenced directly after treatment with ExoSap to enzymatically eliminate the primers and dNTPs. If more than one amplicon is seen or if there is abundant polyclonal signal, the PCR product template should be gel-purified. The initial sequencing reaction should use the J gene PCR primers described in the initial BIOMED-2 publication [3] because there are fewer such primers. If there is more than one J gene primer in the PCR mix that gave the amplicon with an aberrant size, they can be combined in the sequencing mix. After the initial sequence is obtained, it is likely that there will be enough information to get a clear interpretation concerning the nature of the event that led to the aberrant size of the amplicon. If not, the sequence can be completed using an upstream primer determined from the initial round of sequencing.
In summary, we present several cases in which PCR of an antigen receptor gene generated an amplicon that was far outside the acceptable size range for a result that supports an interpretation of a population of monoclonal lymphocytes. However, sequence analysis showed that the amplicon structure was consistent with clonality. Thus, when an undersized or oversized PCR product is the only molecular The TCRB primers for the J genes shown in light blue are in BIOMED-2 multiplex tube A, whereas primers for the J genes shown in dark blue are in BIOMED-2 multiplex tube B. Note that the distances for all loci, except for TCRG, are small, enabling efficient PCR amplification from a downstream J gene evidence for clonality, this interpretation should be confirmed by nucleotide sequence analysis prior to reporting.
